To examine the impact of important weight loss on insulin inhibition of its own secretion during experimentally induced hyperinsulinemia under euglycemic conditions. DESIGN: Longitudinal, clinical intervention studyFbariatric surgery (vertical banded gastroplastyFgastric bypassFCapella technique), re-evaluation after 4 and 14 months. SUBJECTS: Nine obese patients class III (BMI ¼ 54.672.6 kg/m 2 ) and nine lean subjects (BMI ¼ 22.770.7 kg/m 2 ). MEASUREMENTS: Euglycemic hyperinsulinemic clamp (insulin infusion: 40 mU/min m 2 ), C-peptide plasma levels, electrical bioimpedance methodology, and oral glucose tolerance test (OGTT). RESULTS: BMI was reduced in the follow-up: 44.572.2 and 33.971.5 kg/m 2 at 4 and 14 months. Insulin-induced glucose uptake was markedly reduced in obese patients (19.571.9 mmol/min kg FFM) and improved with weight loss, but in the third study, it was still lower than that observed in controls (35.974.0 vs 52.972.2 mmol/min kg FFM). Insulin-induced inhibition of its own secretion was blunted in obese patients (19.975.7%, relative to fasting values), and completely reversed to values similar to that of lean ones in the second and third studies (À60.874.2 and À54.076.1%, respectively). CONCLUSION: Weight loss in severe obesity improved insulin-induced glucose uptake, and completely normalized the insulin inhibition on its own secretion.
Introduction
Hyperinsulinemia is an early important metabolic change in obese patients, [1] [2] [3] and has been reported as an independent cardiovascular risk factor. 4 The pancreas is able to increase its secretion precisely to compensate for the defect in insulin action to maintain normal glucose tolerance, 1, 5 and hyperinsulinemia is usually considered to result from increased insulin secretion produced as a compensatory response of the B cell. However, the European Group for the Study of Insulin Resistance (EGIR) reported a more prevalent fasting posthepatic insulin delivery rate than insulin resistance in the obese subjects evaluated. 6 Insulin levels are a result of the rate of insulin secretion and of its metabolic clearance rate. In obese individuals, the posthepatic metabolic clearance rate is thought to be normal 7 and insulin secretion is enhanced. 3, 8 Insulin secretion is, in turn, determined by complex stimulatory and inhibitory influences on the b cell. Among the inhibitory influences is a direct or indirect negative feedback of circulating insulin on b-cell secretion, whose role is still controversial. In human obesity, some studies have reported a failure of insulin feedback and others have observed an inhibition similar to that in lean subjects. [9] [10] [11] [12] The obesity degree and/or the magnitude of insulin resistance may be important factors to justify these differences. In a previous study, we observed a failure of insulin feedback on insulin secretion in extreme obesity (BMI440 kg/m 2 ), while in lean subjects the insulin inhibition was directly related to insulin sensitivity. 7 Since severe obesity (obese class III 13 ) usually displays serious metabolic alterations 13, 14 that can be changed by weight loss, [14] [15] [16] [17] and the effect of weight loss on the insulin inhibition on insulin secretion was not yet investigated, the present study was designed to examine the impact of experimentally induced hyperinsulinemia under euglycemic conditions on its own secretion in these patients, before and after surgically (vertical banded gastroplastyFgastric bypassFCapella technique) induced weight loss. 18, 19 C-peptide, which is the connecting peptide of proinsulin, is secreted from b cells in equimolar amounts with insulin, and its concentrations have been used to determine insulin production in vivo. In this study, insulin secretion was evaluated by C-peptide plasma concentrations.
Material and methods

Study population
Nine obese patients (seven women and two men), aged 39 7 4 y, were studied three times: Study I (SI)Fbefore bariatric surgery; Study II (SII)Fafter weight loss of 15-20% (B4 months after surgery); Study III (SIII)Fafter weight stabilization (38% weight loss relative to the initial body weight; B14 months after surgery). Nine lean subjects (seven women and two male) aged 34.4 7 4 y were used as a control group (C). The anthropometric characteristics are given in Table 1 . All volunteers had normal resting arterial blood pressure levels, as defined by JNC V 20 (systolic o140 mmHg and diastolic o90 mmHg), and normal fasting glucose according to the American Diabetes Association criteria. 21 None of them were on any medication, which could influence insulin secretion and sensitivity. All subjects had normal liver and renal function tests and no cardiovascular or respiratory disease that could contraindicate the surgery. Class III obesity was defined as body mass index (BMI)Z40 kg/m 2 . 13 After the initial investigation, the obese patients were submitted to a vertical banded gastroplastyFgastric bypassFCapella technique. 19 The Institutional Review Board of the School of Medicine (Campinas State University) approved the investigation, and all subjects gave informed consent before the protocol began. 24 The 2-h period before the insulin infusion was started constituted the basal period. During insulin infusion glucose was measured at 5 min intervals and plasma glucose was maintained nearly constant with a variable glucose infusion. Arterialized venous samples for C-peptide and insulin measurements were obtained at 20 min intervals, from 20-min before until 2 h after starting the insulin infusion.
Experimental protocol
After an initial set of clinical and metabolic investigations, patients were submitted to a vertical banded gastroplastyFgastric bypassFCapella technique. 19 The nutritional guidelines after surgery consisted of a liquid hypocaloric diet (around 60% carbohydrate, 20% lipid and 20% protein), 18 with gradual reintroduction of solid foods and caloric increase, according to patient acceptance and postoperative period. Vitamin supplementation was started 1 month later. The second and third metabolic studies carried out only in obese patients were similar to the first, except for OGTT, which was impossible because of gastric restriction and impaired digestive absorption. Insulin-B cell inhibition in post-obese JA Pereira et al
Analytical procedures
Plasma glucose was measured by the glucose oxidase technique in a Beckman glucose analyzer during the clamp study (Beckman, Fullerton, CA, USA). Plasma concentrations of insulin and C-peptide were measured by radioimmunoassay using a specific kit for human insulin (less than 0.2% cross reactivity with proinsulin) and for C-peptide (Linco Research Inc., St Louis, MO, USA). Plasma uric acid, total cholesterol, HDL cholesterol and triglycerides were assayed spectrophotometrically on an automated colorimetric system (Cobas Miras, Roche).
Data analysis
Whole-body glucose utilization (or M value) was calculated from the infusion rate of exogenous glucose (GIR) during the second hour of the insulin clamp period, after correction for changes in glucose levels in a distribution volume of 250 ml/ kg. The M value was normalized per kilogram of fat-free mass (mmol/min kg Free fat mass (FFM)) and divided by the prevailing steady-state insulin plasma levels (log transformed). Areas under OGTT time-concentration curves were calculated by the trapezoidal rule.
Statistical analysis
All data are given as the mean7s.e.m. Comparison of the means in the three studies from obese patients was done using the nonparametric Friedman analysis, and ANOVA for repeated measures was carried out to compare variables curves of obese and control groups. Comparison of means between obese and control group was done using the nonparametric Mann-Whitney U-test. Simple linear and stepwise regression analyses were calculated, using the StatView computerized program. A P-valuer0.05 indicated significance.
Results
Anthropometric characteristics
The patients were extremely obese, with a BMI of 54.672.6 kg/m 2 , with very high fat mass (about 45% of body weight). The weight loss induced by the surgery was very important, reachingÀ18.470.5% in SII and À37.670.5% in SIII. So, the anthropometric measures were quite improved together with a reduction in the body fat percentage, but were still significantly higher than control values (Table 1) .
Metabolic characteristics
Seven of the obese patients had a normal glucose tolerance 21 and two had impaired glucose tolerance and normal fasting plasma glucose. The area under the glucose curve during the OGTT was similar to control (920746 vs 814737 mmol/ l min). Fasting plasma insulin and the area under the insulin curve were significantly higher in the patients. The weight loss induced significant decreases in the fasting plasma insulin and glucose levels ( 
Clamp data
The plasma glucose levels during insulin infusion varied À2.970.4; 3.671.0; 0.571.2 and À0.771.3% from the basal values in the control and in the studies I, II and III, respectively. Thus, plasma glucose did not change significantly during the clamp period compared to the fasting state in each group study. Although the insulin infusion was the same in the studies, the steady-state plasma insulin levels were similar in the control and the obese and decreased after weight reduction (P ¼ 0.01). Insulin sensitivity (M value or M/LBM) was significantly lower in the obese group and improved from 19.571.9 to 35.974.0 mmol/min kg FFM, P ¼ 0.0003 14 months after the surgery (Table 2) .
Fasting and steady-state plasma C-peptide levels were higher in the obese before surgery than in the control and decreased after weight reduction (Table 3 and Figure 1 ). The percentage decrease throughout all the insulin infusion period was significantly lower in study I compared to the Insulin-B cell inhibition in post-obese JA Pereira et al control group and to studies II and III ( Figure 2 ). The fasting C-peptide-to-insulin molar ratio was similar in all studies (Table 3 ).
In the pooled data from the three studies of the obese group, fasting plasma C-peptide levels were related to BMI (r ¼ 0.59, P ¼ 0.001), % fat mass (r ¼ 0.58, P ¼ 0.002), M/ FFM (r ¼ À0.73, P o0.0001) and waist (r ¼ 0.53, P ¼ 0.01), but not to waist/hip ratio and to fasting plasma glucose (P ¼ NS). In a stepwise model (including BMI, age, M/FFM, % fat mass, sex and waist), M/FFM and percentage of fat mass remained significantly related to fasting plasma C-peptide (multiple r ¼ 0.82, P o0.0001; r 2 ¼ 0.63).
Discussion
The obese subjects of this study had class III obesity 13 with very high BMI, fat mass and fasting plasma insulin levels and were markedly insulin resistant. The bariatric surgery induced marked weight reduction, but BMI after weight stabilization was around 34 kg/m 2 . The weight reduction was accompanied by improvement in body composition, fat/free fat mass, because of a proportionally higher fat than FFM loss. The important metabolic abnormalities, such as severe peripheral insulin resistance, increased insulin secretion, high serum triglycerides and uric acid levels, all improved after weight loss.
Insulin secretion during the fasting state and under insulin infusion during the euglycemic clamp was assessed using the C-peptide plasma measurements. C-peptide was chosen to evaluate insulin secretion because of their equivalent molar ratio secretion, negligible hepatic extraction 25 and similar clearance in lean and obese subjects. 8 Regardless of the method used for calculation, insulin secretion was much higher in the obese in the first study, and the decrease after weight loss was important and statistically significant even in the second study, with further reduction in the third study. Fasting C-peptide levels were mainly related to insulin sensitivity and percentage of fat mass, as demonstrated by the stepwise model including BMI and M value. These results again demonstrate the well-known role of insulin resistance and obesity to determine fasting insulin secretion. Plasma C-peptide 0-60 minFmean C-peptide values from plasma samples collected at 20, 40 and 60 min of insulin infusion; Steady-state plasma C-peptideFmean plasma C-peptide values from plasma samples collected at 80, 100 and 120 min of insulin infusion; a Percent variation of clamp to fasting values. Pl, P-valueFFriedman analyses for the three studies in obese patients. *Pr0.05; **Pr0.01; ***Pr0.001FStudies I, II or III vs control groupFMann-Whitney analyses.
Insulin-B cell inhibition in post-obese JA Pereira et al Some of the recently described factors secreted by the adipocytes have actions on insulin secretion and/or insulin sensitivity, such as leptin, adiponectin, TNFa. Some authors suggest that leptin can inhibit insulin secretion 27 and its plasma levels markedly decrease with weight reduction. It is not possible to know if plasma leptin had some influence on the insulin secretion in the present study. In our surgery department, other obese patients submitted to the same bariatric surgery had reduced leptin and insulin plasma levels, but only BMI was related to the latter in a multivariate regression analysis. 28 In addition, some studies have reported that the interaction between leptin and insulin depends on factors such as leptin concentration, exposure time and glucose concentration. Thus, the functional role played by leptin on insulin secretion is still under discussion.
A suppressive effect of insulin on its own secretion has been seen in some studies 26, 29 but not in others. 30, 31 In a previous study, insulin infusion under euglycemic conditions at steady state inhibited its own secretion in lean subjects but this insulin action was blunted in the obese group. 7 In this study we observed that in severely obese patients insulin-induced inhibition of insulin secretion was blunted before surgery (SI) compared to the control group, suggesting insulin resistance to this effect. After weight loss, the decrease in C-peptide during insulin infusion improved. The percentage variation of C-peptide levels during steady state or in the first hour of the clamp, relative to fasting plasma levels, 14 months after the surgery were similar to those observed in lean subjects. It is interesting to note that 4 months after surgery or only after 15-20% reduction in BMI, although the basal C-peptide levels were still higher than controls, the percentage variation of C-peptide levels during steady-state insulin infusion relative to the fasting plasma levels was similar to control levels, showing an early recovery.
The results of the present study allowed us to compare two different effects of insulin in severely obese patients and after weight loss. Insulin-induced glucose uptake, which was reduced in these patients, improved after weight loss, but was still lower than that observed in controls. The lower steady-state insulin plasma levels, in Study III, can be explained by the decreased endogenous insulin secretion after weight loss as suggested by the C-peptide evaluation. Thus, the improvement of the insulin sensitivity could be underestimated but the correction of M value by the prevailing insulin plasma levels demonstrated a still lower sensitivity in the obese after weight reduction. On the other hand, insulin-induced inhibition of its own secretion was completely reversed to values very similar to those observed in lean controls after weight loss. These results demonstrate for the first time that weight loss restores the insulin action on its own secretion and suggest that it has an earlier recovery after weight loss than glucose utilization, or that the first effect is only disturbed in situations of severe insulin resistance.
In obesity, the mechanism of insulin resistance, insulin hypersecretion and impaired insulin inhibition on its own secretion are not completely understood. The inhibition of glucose-stimulated insulin secretion by somatostatin is maintained, 32 which suggests a specific defect in insulin feedback, even if there is evidence that functioning b cell mass is enhanced. 33 The effect of insulin on its own secretion may be indirect (neurally mediated) and/or direct, through an action of insulin on b cells via the insulin-signaling pathway. Previous data suggest that the inhibition of pancreatic insulin secretion by hyperinsulinemia is neurally mediated. 34 In lean individuals, insulin activates the sympathetic system 35 and causes a sympathetic shift in the autonomic balance, whereas in the obese sympathetic activation during the clamp is blunted, 36 despite its enhanced basal activity. 37 Accordingly, after BMI reduction in the obese there is also evidence of improvement in the sympathetic activation by insulin. 38 Some components of the insulin-signaling pathway are present in normal islet b cells. 39, 40 And, in knockout mice lacking the insulin receptor in pancreatic b cells there is an increase in basal insulin concentrations, 41 suggesting that insulin resistance in b cells can contribute to fasting hyperinsulinemia. The pattern of regulation of the insulin signaling proteins in b cells of obese patients is unknown, but in other tissues there is a widespread decrease in insulin receptor and insulin receptor substrates, and in their activation. Although these proteins have a tissue-specific regulation, it is reasonable to speculate that a downregulation of the insulin receptor and its substrates in the pancreas of severely obese patients may contribute to insulin resistance in b cells of these patients, and that weight loss may control these alterations. We concluded that insulin inhibition on its own secretion is blunted in insulin-resistant severely obese patients, partially related to the degree of obesity, and weight loss completely normalizes the insulin effect on its own secretion.
